A workflow is designed to integrate simulator to seismic predictions into the process of 4D seismic inversion using a coupled Bayesian scheme, and honouring the concept of reservoir engineering consistency (EC). The proposed approach is demonstrated by an application to a West Africa dataset. The results show the benefits of being EC when working across domains during a "close the loop" exercise.
Introduction
In order to span the lifecycle of a brownfield reservoir, the integration of reservoir simulation and seismic surveillance must be continuous, in which the mismatch between each data domain is progressively reduced by collaboratively closing the loops (Tian and MacBeth, 2014) . These loops are closed by comparing the simulator-to-seismic (sim2seis) forward modelling with the seismic-tosimulator (seis2sim) inversion results. The comparisons make sense if sim2seis and seis2sim workflows are compatible. This requires identical seismic modelling processes in both forward and inverse directions, and a common model grid. Furthermore, the inversion of the 4D difference data depends critically on the results of the 3D inversion. This leads us to a coupled Bayesian scheme, which propagates the baseline (3D) result into the uncertainty in the subsequent 4D inversion. In addition, the merger of reservoir engineering predictions as a priori knowledge in the Bayesian formula provides interpreters with a meaningful inversion result for the update of reservoir models.
An engineering consistent Bayesian 4D seis2sim inversion
The implementation of our proposed seis2sim inversion workflow is demonstrated in Figure 1 . It consists two stages. In the first stage, 3D seis2sim inversion uses the statistical properties of rocks (means, variances and correlations of the P and S-wave velocities and density) estimated from the log data. The 3D sim2seis deterministically predicts these properties in the reservoir model and is used as an initial model for the inversion. These inverted 3D elastic properties are passed to the subsequent 4D stage as a reference state description. In the 4D seis2sim, the predictions from the reservoir model are then used to yield engineering constraints in terms of a priori means and correlations in the Bayesian context. The base case model is then perturbed to generate many 4D synthetic predictions. These are jointly evaluated by the Bayesian posterior in terms of misfits between the synthetic and observed 4D seismic, and the similarity with the sim2seis predictions. This coupled approach preserves the consistency between the synthetic and observed 4D seismic data, and effectively integrates both the static and dynamic information from reservoir model. The inverse problem can be written as (1) (2) where the baseline seismic, monitor seismic and their difference are denoted as , and respectively. The elastic parameters of P-velocity, S-velocity and density in the model are depicted as , while the production-induced 4D elastic changes are denoted as . denotes the seismic modelling operator based on Fatti's approximation of the Zoeppritz equation. represents an estimation of the baseline data error while consists of both the 3D inversion errors and the 4D seismic data uncertainty. Practically, can include coupling errors, seismic modelling errors, nonrepeatable 4D noise and a change in the wavelets through survey time. The Bayesian formula for the proposed problem can be written in two stages as, (3) (4) where and are the target posterior probability distributions for the static 3D reservoir model and for the 4D changes. and are the likelihood functions of the model given the observed seismic data, and are the prior distribution of the elastic parameters based on the sim2seis predictions. The terms and are the marginal densities of and . In practice, the Markov Chain Monte Carlo (MCMC) and Metropolis-Hastings (M-H) algorithms are used to sample directly from these unknown posterior probability distributions to deliver statistic estimations of the 3D and 4D elastic parameters. After solving (3), the maximum a posteriori (MAP) estimation of and the residual errors are propagated to (4) for consistent 4D changes. In order to embed the reservoir model predictions as constraints, the a priori term for 4D changes is (5) where is the total amount of input cells, is the sim2seis predicted changes as the a priori mean. The covariance matrix is calculated based on the multiple predictions over various intermediate monitor steps which are synthesised by sim2seis as predictions. The form of this constraint is further explained with the later application to a West Africa field dataset.
Application to a West African field
The above workflow is tested on a West African field. This particular field has stacked unconsolidated turbiditic sands of several cycles. High solution gas to oil ratio and a reservoir pressure near bubble-point are reported at an early development stage, resulting in a large amount of exsolved gas after production. High resolution time-lapse seismic are acquired two years prior to the first oil in December 2001, and then subsequently in 2002 and 2004. The 1999 survey is therefore treated as the baseline for the seis2sim inversion. In this dataset, according to the wireline log data the elastic contrasts ( and ratio) between the turbidic sand and shale are of sufficient contrast. This suggests not only the difficulties in separating reservoir sand from the non-reservoir shale according to the elastic inversion, but also a challenge in replicating this seismic information on the reservoir model grid. Hence, overcoming these has become the prerequisite for the 3D seis2sim challenge. To address this, the 3D sim2seis is firstly performed, with predictions utilizing a priori initial models for the inversion. During the inversion, bounds and variances of the elastic properties are sourced from the log data and assigned to the reservoir/non-reservoir facies respectively. Furthermore, the seismic forward modeling for inversion is identical to the sim2seis approach, which is performed directly on the reservoir model grid. The resultant inversion properties yield the turbidite reservoir architecture as a static framework for the later 4D seis2sim calculation (Figure 2) . At the 4D seis2sim stage, a flow simulation is firstly run. The simulated reservoir changes (pressure and saturation changes) are converted into 4D elastic changes (e.g. and ) by 4D sim2seis at chosen time steps. These synthetic "snapshots" of predictions are generated for 1999, 2002, 2003 and 2004, labelled as B, M1, M2 and M3 respectively. Direct use of these predictions as a priori means in the Bayesian 4D inversion is not sufficient, because they are deterministic results from a problematic reservoir model which consists of inaccurate parameters. However, the time-lapse correlations of
Figure 2 The inverted (a) and (b) I P /I S ratio stored on the reservoir model grid. The colour template of the I P /I S ratio is designed so to separate sand (orange) from shale (blue) at a cut-off value of 2.5, which is from the petrophysical study base on well A1.
its dynamic predictions can indirectly reflect the modelled turbidite framework and connectivity. In order to extract this information for the EC constraints, the approach proposed by Huang and MacBeth (2011) is used. In practice, the modeled and at all time steps (B, M1, M2, M3 and M4) are subtracted from each other in all possible combinations, in a cell by cell manner. This generates as many series of elastic differences ( and ) as the reservoir model cells. Hence, the connectivity among certain cells is proportional to the correlation that is calculated from their series. For example, Figure 3 shows the series of predicted and from the cells that are intersected by a seismic trace at an exploration well. Here, upper parts of the reservoir are initially filled with exsolved gas due to depletion between time M1 and B ( decreases for M1-B), before being continuously flooded by water injection between M3 and M1 ( increases for M3-M1). Therefore, cells of higher level of connectivity show similar patterns in Figure 3 (a) and (b) under the same development history. These correlations are converted into covariance matrices, which are embedded in of (5) as a 4D constraint in the inversion. Consequently, 4D scenarios of similar behavior to this a priori information are weighted more heavily than the others during the MCMC simulation because of this constraint. Figure 4 shows the results of 4D seis2sim inversion with and without the proposed EC constraints. In general, the impedance decrease is interpreted as the results of gas injection and gas exsolution. Compared to the unconstrained results, the 4D seis2sim reveals a less scattered image of the gas injection. Additionally, visual discrepancy is found at the northern producer P-06, which is one of the two representative wells supported by the gas injectors INJ-GAS situated in the centre of the field. The reservoir model predicts that the re-injected gas is directly connected to wells P-05 and P-06, while 4D seis2sim suggests very little presence of gas signal around P-06. By checking the historic gas oil ratio (GOR) data at well P-06 (Figure 4 (d) ), it turns out that the seis2sim solution appears more consistent with the production history, as the model prediction of GOR exceeds the historical data.
Conclusions
A seis2sim workflow is proposed to invert the 3D and 4D seismic data in a coupled Bayesian manner, with constraints derived from the reservoir engineering predictions. The application to a West Africa dataset suggests its ability to transfer time domain seismic data directly to the 3D reservoir model grid. The subsequent flow simulation and sim2seis calculation are used to constrain the 4D inversion, which yielded more stable and interpretable results. In addition, this inversion workflow is developed in a compatible way with the forward modelling process, which shows its potential in closing the loops between 3D, 4D seismic data and reservoir engineering data.
